We have developed a transposon mutagenesis system for Vibrio fischeri ES114 that utilizes a hyperactive mutant Tn5 transposase (E54K and M56A) and optimized transposon ends. Using a conjugation-based procedure, we obtained independent single-insertion mini-Tn5 mutants at a rate of ϳ10
We have developed a transposon mutagenesis system for Vibrio fischeri ES114 that utilizes a hyperactive mutant Tn5 transposase (E54K and M56A) and optimized transposon ends. Using a conjugation-based procedure, we obtained independent single-insertion mini-Tn5 mutants at a rate of ϳ10
؊6 . This simple and inexpensive technique represents a significant improvement over previous methods for transposon mutagenesis of V. fischeri and should be applicable to many other bacteria.
Vibrio fischeri is a useful model for studies of bioluminescence (18, 35) , pheromone-mediated signaling (39, 46) , and beneficial animal-bacterium symbioses (32, 36, 47, 49) . Other aspects of V. fischeri biology, including its motility (10, 16, 23, 26, 27, 29, 30) , metabolism (1, 13, 42) , and ability to form biofilms (9, 14, 19, 53, 55, 56) , are also active areas of study. Interest in the light-organ symbiosis between V. fischeri and the Hawaiian bobtail squid Euprymna scolopes has led several researchers to adopt strain ES114 (4), a wild-type isolate from an E. scolopes light organ, as the type strain of choice for many of these studies. The recently published genome sequence of ES114 (33) and the ongoing development of genetic tools for ES114 (10-12, 38, 40, 48) promise to advance each of the research areas described above.
The goal of this study was to develop a more effective method for transposon mutagenesis of V. fischeri ES114. Transposon mutagenesis systems have been used with V. fischeri, but these have important limitations. Initially, a Mubased transposon was used with V. fischeri (16) , but in this system, the delivery plasmid was maintained at a low selective temperature, and multiple insertions were more common than single insertions at a higher temperature. Furthermore, insertions by the Mu d1 1681 transposon were not cloned or localized in the V. fischeri genome (16) . A mini-Tn10-based system was then developed and used with V. fischeri (48) ; however, transposition frequency is relatively low, and unwanted integrants of the plasmid delivery vector are common and can be identified only by molecular methods (K. Visick, personal communication). Mini-Tn5 systems have been used with V. fischeri, as well (17, 37) , but in one case, we found insertion to be impractically infrequent for large-scale screens (37) , and that investigation, along with another study, relied on mutagenizing an already mutant V. fischeri background (17, 37) .
The reason a mutant strain was used as the parent for further mutagenesis stems from each of the systems described above relying on conjugation from Escherichia coli to deliver the transposon into V. fischeri, so to counterselect against E. coli donors, a spontaneous rifampin-resistant derivative of ES114, designated ESR1, has been used (16) . Unfortunately, rifampin resistance often results in pleiotropic phenotypes (2, 3, 20, 54) , and recently, ESR1 was found to be attenuated in both competitive host colonization (24) and in production of bioluminescence (5) . We have introduced plasmids directly into wild-type ES114 by conjugation, using low temperature and high salt to enrich against E. coli donors (38) , but this is effective only if the desired transconjugants occur frequently relative to the number and growth of E. coli donor cells on the selective medium (e.g., more frequently than the mini-Tn10 or mini-Tn5 insertions described above occur). Thus, in our experience, existing transposon mutagenesis systems have limited utility with wild-type V. fischeri ES114.
To improve transposon mutagenesis of V. fischeri, we exploited advances in the understanding of Tn5 by combining optimized Tn5 end sequences (58) and a hyperactive transposase allele (59) . The wild-type Tn5 transposase gene has an alternate translational start site, giving rise to an Inh protein that inhibits transposase activity, but an M56A change removes this alternate start and prevents Inh translation (51) . An additional E54K change yielded a much more active transposase with improved binding to the transposon ends (59) . Moreover, the Tn5 transposase normally acts at inside end and outside end sequences of IS50 elements; however, the transposase proved to be more active with a hybrid of the inside end and outside end sequences, termed a mosaic end (31, 58) . These improvements in transposition efficiency formed the foundation of strategies for in vitro mutagenesis of naked DNA with mini-Tn5 derivatives and the generation of mutants in vivo by electroporation of transposase-DNA complexes (31) . However, transformation frequencies by electroporation are extremely low in V. fischeri (45) , and we therefore sought to generate a conjugation-based system that makes use of these improvements in Tn5 efficiency. One such system generated and modified by others has been effective in diverse bacteria (22, 41) , although as discussed below, we sought to construct a system with somewhat different attributes, particularly with respect to the selectable and screenable markers compatible with V. fischeri.
We combined the optimized transposase allele and end elements with an erythromycin resistance gene (ermR) to gen-erate mini-Tn5 delivery vectors pEVS168 and pEVS170 ( Fig.  1) . Each of these vectors contains the RP4 origin of transfer (oriT), thereby allowing their mobilization from E. coli into V. fischeri (38) . The transposon in pEVS168 also has promoterless chloramphenicol resistance (cat) and green fluorescent protein (gfp) genes, such that insertion in the correct orientation in actively transcribed regions can generate transcriptional fusions to these selectable (cat) and readily screened (gfp) markers.
We constructed pEVS168 and pEVS170, using standard cloning techniques and employing reagents and procedures described previously (1) . Details of pEVS168 and pEVS170 construction were as follows. The R6K origin, ermR, cat, and gfp genes of pEVS127 (see supplemental material in reference 12) were PCR amplified using primers EVS90 and EVS91 (Table 1) ; BglII sites introduced on the primers were digested with this enzyme, and the product was self-ligated to form pEVS155. Optimized 19-bp Tn5 mosaic ends were incorporated into primers EVS90 and EVS91, along with restriction sites, such that most of pEVS155 was within a transposable unit with only the unique BglII and SalI sites outside the mini-transposon. Plasmid pEVS129 was generated by deleting the XbaI-SpeI fragment of pEVS118 (11) , and pEVS129 was linearized with BglII and fused to BamHI-digested pRZ5412 (59) , which encodes a hyperactive mutant transposase. The transposase gene on the resulting plasmid fusion was PCR amplified using primers EVS62 and EVS92 (Table 1) , this amplicon was digested with BamHI, and the fragment was cloned into the BglII site of pEVS155, generating pEVS157. The inside-end-containing SalI fragment of pEVS157 was deleted and subsequently replaced with the oriT-and kanR-containing SalI fragment of pEVS76 (38) , resulting in pEVS167. pEVS168 was then generated by annealing oligonucleotides M13LKF and M13LKR (Table 1) together and cloning this linker into the XbaI site of pEVS167, thereby introducing a unique ApaI site and a complement for the M13 forward sequencing primer into one end of the transposon. pEVS168, which is similar to pEVS170 (Fig. 1) but contains a promoterless cat-gfp transcriptional reporter on the transposon distal to the M13 forward site, was digested with BspEI and BsrGI, the overhangs were filled with Klenow fragment, and the vector was self-ligated to delete gfp along with most of cat, generating pEVS170. Translational stop codons were incorporated into primer EVS91 ( Table 1 ), so that insertions of the transposon from pEVS168 could generate transcriptional, but not translational, fusions of chromosomal genes to cat and gfp.
This transposon system proved highly effective with V. fischeri. We used a simple mating procedure (38) to introduce pEVS170 into V. fischeri ES114 and found that typically, ϳ10 4 mini-Tn5-ermR mutants were selected as erythromycin resistant from ϳ10 10 total recipients in each small-scale mating, yielding a transposon mutagenesis frequency of 10 Ϫ6 . It is worth noting that erythromycin selection, which was carried out on LBS medium (5) supplemented with 5 g ml Ϫ1 erythromycin, resulted in a clearer distinction between Tn mutants and other cells in the mating mixture than did the chloramphenicol selection associated with some previous transposons, and this may have contributed to our success. Erythromycinresistant transconjugants were recovered about 10 4 -fold more frequently upon introduction of the stable ermR plasmid pS44S (11) , and assuming that conjugative transfer frequency is similar for pEVS170 and pS44S, which each have the same oriT, the frequency of transposition once pEVS170 has entered V. fischeri can be estimated as ϳ10 Ϫ4 . We identified mutants resulting from plasmid integration, rather than mini-Tn5-ermR transposition, by screening for kanamycin resistance, which we observed with ϳ10% of the erythromycin-resistant mutants. Similar frequencies were obtained when the mini-transposon contained promoterless cat and gfp genes, and epifluorescence microscopy revealed that about a quarter of these insertion mutants visibly expressed GFP, with different mutants varying in their degree of green fluorescence (data not shown). This result is consistent with nonspecific insertions generating transcriptional fusions to the cat-gfp reporter, assuming that (i) only a fraction of the genome will be transcribed significantly during growth on LBS plates, (ii) approximately half of the insertions in transcribed regions will be oriented in the direction of transcription, and (iii) levels of transcription will vary between loci. Although the recovery of transposon insertion mutants was more efficient than we and others (K. Visick, personal communication) have observed with other Tn5-and Tn10-based systems in V. fischeri, we were concerned that the hyperactive transposase on pEVS170 might yield multiple mini-Tn5-ermR insertions in mutants. However, Southern blotting of over 50 mutants revealed that this is not the case. Chromosomal DNA was purified from the transposon insertion mutants using Easy-DNA (Invitrogen, Carlsbad, CA), the DNA was restriction digested, and 5 ng of each digested DNA sample was separated by gel electrophoresis. Digested DNA was transferred from the gel onto nitrocellulose paper and then prepared for imaging using a digoxigenin High Prime DNA labeling and detection starter kit II (Roche Applied Science, Mannheim, Germany). Southern blot analysis revealed a single Tn insertion in each strain examined (e.g., Fig. 2) .
The composition of the mini-Tn5-ermR mutant from pEVS170 allowed us to clone it readily from insertion mutants and to identify insertion locations in the V. fischeri genome. The R6K plasmid origin of replication within the mini-transposon does not function in V. fischeri, but it does replicate in E. coli strains harboring the pir gene (21), such as DH5␣-pir (11). Chromosomal DNA from mutants was digested with HhaI, which does not cut within the transposon, the fragments were self-ligated, and transposons along with flanking chromosomal DNA were transformed as circularized plasmids into DH5␣-pir. The M13 forward sequencing primer was then used to sequence across transposon-chromosome junctions, and we localized the point of insertion by comparisons to the genome sequence (33) . HhaI digests DNA at a 4-bp recognition sequence (5Ј-GCG/C-3Ј), and virtually all HhaI fragments of the ES114 genome are small enough to be recovered readily by this cloning procedure yet large enough to allow unambiguous identification of the genomic location.
Multiple lines of evidence suggest that our mini-Tn5-ermR transposons exhibit a lack of target specificity, similar to that of other Tn5 derivatives (15, 34) , which generally insert with some deviation from complete randomness but not enough to present a practical barrier to mutagenesis strategies. For example, Fig. 2 illustrates a lack of target specificity with the mini-Tn5-ermR inserting into different-sized chromosomal fragments. In addition, we sequenced the location of more than 60 insertions, and we found them distributed on both V. fischeri chromosomes. Moreover, we have never identified an insertion in the same site from more than one independent mating. Finally, we illustrated this transposon mutagenesis system's practical utility recently when we used it to identify the cellobiose utilization cel gene cluster in V. fischeri ES114 (1). Some deviation from random insertion may be intimated in that study by an apparently disproportionate number of insertions in celK, which coincidentally has a lower GC content (31.8%) than other genes of the cluster (35.3 to 39.6%); however, insertions in all six cel genes were recovered without difficulty (1) .
Despite the use of ES114 for nearly 2 decades, to our knowledge, the use of pEVS170 (Fig. 1) to identify cellobiose utilization mutants (1) was the first report of transposon mutagenesis in this wild-type strain and not a pleiotropic and marked derivative such as ESR1. Other laboratories are currently using pEVS168, pEVS170, or their derivatives to make new discoveries in V. fischeri. In a particularly exciting development, Cheryl Whistler (personal communication) has proposed utilizing this system to generate a comprehensive transposon mutant library with insertions in every nonessential gene of the V. fischeri genome.
The tools we describe here are similar to pRL27 (22), a conjugation-based mini-Tn5 delivery vector that exploits the same Tn5 mosaic end sequences and hyperactive transposase mutations that are similar to those we used in pEVS168 and pEVS170; however, our constructs differ somewhat from that system. For example, the hyperactive transposase in pRL27 contains an additional L372P allele, which apparently minimizes nonproductive multimerization of transposase and improves transposition frequency when the transposase gene is in trans to the transposon ends (50) . However, the L372P allele had no effect on transposition frequency in cis (50) , and it therefore would not be expected to influence systems like those described here or in pRL27, where the transposase gene is delivered on the same vector as the mini-Tn5. For our purposes, a more important difference is the use of an erythromycin resistance gene cassette within the transposon, rather than the kanamycin resistance gene in pRL27. We have never observed spontaneous resistance to erythromycin in V. fischeri, but we do observe spontaneous resistance to kanamycin at a frequency rivaling that of transposition, making the erythromycin resistance marker superior for primary selection of transposon hops. The kanamycin resistance gene functions well as a screenable marker in V. fischeri, and by placing it outside the transposon, we distinguished transposon hops from vector integrants. There is no such marker outside the transposon in pRL27. For unknown reasons, we observe a large number of integrants (ϳ10% of Tn-harboring clones) in V. fischeri, and the ability to screen for and discard vector integrants is important, as they may contain the transposase gene and therefore could accumulate multiple mini-Tn5 insertions. Finally, our constructs contain other advantageous features, including promoterless selectable and screenable markers (catgfp) in pEVS168, a universal primer site near the transposon end, and a unique ApaI site within each mini-Tn5-ermR construct that can be used to further engineer this system. Combining optimizing elements in an in vivo conjugationbased mini-Tn5 mutagenesis system has opened up new research opportunities in V. fischeri, and we expect our constructs will be useful in other bacteria for which existing transposon mutagenesis strategies are inefficient. The similar pRL27 system devised by Larsen et al. (22) has proven useful in many bacteria, including Xanthobacter autotrophicus (22) , Pseudomonas stutzeri (22) and other Pseudomonas strains (28, 57) , Alcaligenes faecalis (22, 52) , E. coli (6) , Bdellovibrio bacteriovorus (44) , Prochlorococcus sp. strain MIT9313 (43) , and Synechococcus sp. strain WH8102 (25) , while modified versions of pRL27 were also successfully employed with V. parahaemolyticus (41) , Citrobacter rodentium (8) , and Francisella tularensis (7) . It therefore seems likely that our constructs will have similarly broad utility and the different features of our system will extend the range of organisms in which conjugation-based mini-Tn5 mutagenesis is a practical tool.
